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It is believed that in most animals only the paternal centrosome provides the division poles for mitosis in zygotes. This
paternal inheritance of the centrosomes depends on the selective loss of the maternal centrosome. In order to understand
the mechanism of centrosome inheritance, the behavior of all maternal centrosomes/centrioles was investigated through-
out the meiotic and mitotic cycles by using starfish eggs that had polar body (PB) formation suppressed. In starfish oocytes,
the centrioles do not duplicate during meiosis II. Hence, each centrosome of the meiosis II spindle has only one centriole,
whereas in meiosis I, each has a pair of centrioles. When two pairs of meiosis I centrioles were retained in the cytoplasm
of oocytes by complete suppression of PB extrusion, they separated into four single centrioles in meiosis II. However, after
completion of the meiotic process, only two of the four single centrioles were found in addition to the pronucleus. When
the two single centrioles of a meiosis II spindle were retained in the oocyte cytoplasm by suppressing the extrusion of the
second PB, only one centriole was found with the pronucleus after the completion of the meiotic process. When these
PB-suppressed eggs were artificially activated to drive the mitotic cycles, all the surviving single centrioles duplicated
repeatedly to form pairs of centrioles, which could organize mitotic spindles. These results indicate that the maternal
centrioles are not equivalent in their intrinsic stability and reproductive capacity. The centrosomes with the reproductive
centrioles are selectively cast off into the PBs, resulting in the mature egg inheriting a nonreproductive centriole, which
would degrade shortly after the completion of meiosis. © 2002 Elsevier Science (USA)
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The centrosome is a cell organelle composed of paired
centrioles surrounded by pericentriolar material which con-
tains the -tubulin ring complexes that nucleate microtu-
bules (Vorobjev and Nadezhdina, 1987; Zimmerman et al.,
1999; Moritz and Agard, 2001) and is present in almost all
animal cells. Mazia (1987) argues how essential centro-
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All rights reserved.somes are for cells to drive the cell-division cycle. The
centrosome doubles once at the G1/S-phase in each cell-
division cycle and is passed on to each daughter cell
through cytokinesis (Robbins et al., 1968; Rattner and
Phillips, 1973; Kuriyama and Borisy, 1981; Wheatley, 1982).
At the gamete or zygote level, however, specific mecha-
nisms must exist to control centrosome inheritance be-
cause animal eggs inherit a maternal centrosome from the
meiosis II spindle and another centrosome from the sper-
matozoan at fertilization. If both parental centrosomes are
reproduced in the first S-phase, a tetrapolar spindle will be
formed and will lead to the disruption of chromosome
segregation. Therefore, only one of the parental centro-
somes is used in development and thus the control of
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centrosomal inheritance is an issue of fundamental impor-
tance in all sexually reproducing organisms, regardless of
which gamete actually contributes the functional centro-
some for development.
It has been believed that in most animals, except for
special examples such as the mouse (Szollosi et al., 1972),
the centrosome for zygote development is derived from the
spermatozoan alone (Wilson, 1925; Schatten, 1994) as a
means of preventing ripe eggs from spontaneous (partheno-
genetic) development. This uniparental (paternal) inheri-
tance in zygotes, as first proposed by Boveri (1887) a century
ago, is logically based on the premise that the maternal
centrosomes are lost or inactivated by the onset of the first
cleavage. His theory has been an interest to developmental
biologists, but has not yet been fully understood.
In order to investigate the selective loss of the maternal
centrosomes, it is necessary to characterize all the centro-
somes engaged in the two rounds of meiotic divisions. In
each meiotic division, however, half of the centrosomes are
cast off into polar bodies (PBs), thus preventing further
analysis beyond the meiotic process. Suppression of PB
extrusion, which in a variety of animals has been found to
correlate with successful parthenogenetic development
(Obata and Nemoto, 1984), would keep the maternal cen-
trosomes within the oocyte cytoplasm, thus enabling their
behavior during and after the meiotic process to be traced.
In starfish, the species used in the present study, suppres-
sion of the PB extrusions is indispensable for artificial
induction of cleavage (Obata and Nemoto, 1984; Washitani-
Nemoto et al., 1994; Washitani-Nemoto and Nemoto,
1997), indicating that some of the maternal centrosomes
can escape their destiny to decay and can be recruited to the
mitosis-organizing centers for cleavage.
In arguing the reproductive capacity of the maternal
centrosomes, an unusual feature of maternal centrioles in
starfish oocytes should be taken into account (Sluder et al.,
1989; Kato et al., 1990; see Fig. 13 (2pb (cont.)) in the present
study). Each of the division poles in meiosis I has a pair of
centrioles, whereas each division pole of the meiosis II
spindle has only one centriole. As a result, the first PB (PB1)
has a pair of centrioles, and each of the second PB (PB2) and
the mature egg has only one centriole, which indicates that
centriole duplication does not occur in meiosis II, at least in
the starfish. The prerequisite of suppressing PB extrusions
for artificial induction of development and the lack of
duplication of centrioles in meiosis II are clues to under-
standing how the mature egg loses the functional centro-
some.
In the present study, we investigated the behavior of
maternal centrosomes/centrioles in PB-suppressed oocytes/
eggs throughout the meiotic and mitotic cycles, by electron
microscopy and immunofluorescence microscopy using an-
tibodies against either - or -tubulin. Of the maternal
centrosomes/centrioles involved in the meiosis of these
eggs, half of them were still alive after completion of the
meiotic process and retained their reproductive capacity to
function as the mitotic division poles. The other half were
lost after completion of meiosis. These results indicate that
the maternal centrosomes/centrioles are not equivalent in
their reproductive capacity and intrinsic stability, and
based on these results, we will discuss the behavior of the
maternal centrosomes in normal meiosis, and propose a
model for how the mature egg loses the functional centro-
somes to establish the paternal inheritance of centrosomes
in the zygotes.
MATERIALS AND METHODS
Preparation of Gametes
Oocytes of the starfish Asterina pectinifera were used through-
out the study. To obtain follicle-free immature oocytes arrested at
the germinal vesicle stage, isolated ovaries were treated with
calcium-free artificial seawater (CaFSW), and then transferred into
filtered normal seawater (NSW) to induce spawning of oocytes
(Nemoto et al., 1980). The oocytes were induced to mature with 1
M 1-methyladenine (1-MeAde; Sigma-Aldrich Co., St. Louis, MO;
Kanatani, 1969). Spermatozoa (“dry sperm”) were obtained by
making several cuts in isolated testes.
Cell Culture
In starfish, oocyte-maturation division lacks the “metaphase
arrest” stage, thus proceeding to the pronucleus stage after two
rounds of meiosis without fertilization. In the A. pectinifera
oocytes, germinal vesicle breakdown (GVBD) and extrusion of PB1
and PB2 took place at around 20, 65, and 95 min, respectively, after
1-MeAde treatment at 20°C (Fig. 1). A female pronucleus became
visible within 10 min after PB2 extrusion (Fig. 2).
Suppression of PB extrusion and artificial activation of oocytes
were performed according to the protocol of Washitani-Nemoto et
al. (1994), though the order of activation and PB suppression was
reversed (Fig. 1). To suppress PB extrusion, 10 M cytochalasin B
(Sigma-Aldrich) was added to maturing oocytes 10 min before the
extrusion of either PB1 or PB2. After 30-min treatments, the treated
oocytes were rinsed with NSW at least five times. When the
cytochalasin B treatment was carried out during meiosis I, neither
PB1 nor PB2 was extruded, and this type of egg without any PBs was
designated as “0pb egg.” If the treatment was done during meiosis
II, only PB2 extrusion was suppressed and this type of egg was
defined as “1pb egg.” Artificial activation of the PB-suppressed eggs
was done by 5-min treatments with 10 M calcium ionophore,
A23187 (Calbiochem-Novabiochem Corp, San Diego, CA), at ei-
ther 150 or 270 min after 1-MeAde treatment (approximately 30
and 150 min, respectively, after pronucleus formation).
Immunofluorescence Staining
Staining with anti -tubulin antibody. Indirect immunofluo-
rescence staining of microtubules was performed according to the
method of Miyazaki et al. (2000). Aliquots of either maturing
oocytes deprived of the vitelline coat with 0.02% Actinase (Kaken
Pharmaceutical, Tokyo, Japan; Nemoto et al., 1980) or A23187-
activated oocytes/eggs with the fertilization envelope were taken
at intervals of 5 min, rinsed briefly with CaFSW, then immersed in
an extraction medium composed of 25 mM imidazole, 10 mM
EGTA, 10 mM KCl, 1% Triton X-100, 0.2 mM phenylmethylsul-
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fonyl fluoride, 20% glycerol, and 0.04% sodium azide (pH 6.9) for
1 h. The extracted samples were attached to a glass slide coated
with poly-L-lysine (MW 70,000–150,000; Sigma-Aldrich), then
fixed with cold (20°C) methanol. After rehydration with
phosphate-buffered saline (PBS) containing 0.05% Tween 20, the
samples were incubated for 50 min with a mouse monoclonal
antibody against -tubulin (Amersham Corp., Bulinghamshire, UK)
diluted to 1/2000, then stained with a FITC-conjugated goat
anti-mouse IgG antibody (Biosourse International, Camarillo, CA).
Staining with anti -tubulin antibody. Samples extracted by
the same procedure were attached to a glass slide, then fixed for
1.5 h with 6% paraformaldehyde in a buffer (60 mM PIPES, 25 mM
Hepes, 10 mM EGTA, and 2 mM MgCl2, pH 7.2) containing 10%
sucrose, followed by treatment with 2 mg/ml sodium borohydride
in PBS for 2 h and subsequent immersion into 5% Triton X-100 in
PBS for 1 h. The samples were then treated with 5% normal goat
serum for 1 h, followed by an overnight incubation with a rabbit
anti -tubulin polyclonal antibody (kindly donated by Dr. R.
Kuriyama). They were stained with a Texas Red-conjugated goat
anti-rabbit IgG antibody (Biosourse International), followed by
staining with the anti--tubulin antibody.
Finally, the samples stained with anti-- and/or -tubulin anti-
body were treated with 0.25 g/ml 4,6-diamidino-2-phenyl indole
(DAPI; Sigma-Aldrich) to stain DNA. All procedures were done at
room temperature, except for methanol fixation. The stained
samples were embeded in a drop of glycerol containing 10% 10 mM
Tris–HCl (pH 8.0) and 2.3% 1,4-diazabicyclo [2.2.2.] octane (Sigma-
Aldrich), as an anti fluorescence-bleaching agent, then were cov-
ered with a coverslip. Observations were made on an OPTIPHOT
equipped with epifluorescence optics (Nikon, Tokyo, Japan), and
microphotographs were taken by using Ektachrome 100 Plus
(Kodak, Rochester, NY) or Presto 100 (Fuji Photo Film, Tokyo,
Japan).
Transmission Electron Microscopy
Because starfish eggs are around 200 m in diameter, it is very
hard to detect centrioles in OsO4-fixed opaque eggs without any
landmarks for the cutting planes when preparing thin sections. We
therefore isolated the mitotic apparatuses or asters according to the
isolation protocol for sea urchin eggs used by Endo et al. (1983).
The vitelline coat was removed with Actinase prior to 1-MeAde
treatment. Small aliquots of oocytes/eggs were rinsed briefly with
CaFSW, then suspended in an isolation medium consisting of 1 M
glycerol, 10% dimethylsulfoxide, 1 mM EGTA, 0.5 mM MgCl2,
0.04% Nonidet P-40, and 10 mM MES at pH 6.8. The egg suspen-
sion was shaken vigorously, then centrifuged at 1000g for 5 min at
20°C. Precipitated mitotic apparatuses or asters were attached to a
polypropylene plate coated with poly-L-lysine, then fixed with 3%
glutaraldehyde containing 100 mM PIPES, 0.5 mM MgCl2, and 1
mM EGTA at pH 7.5. The fixed samples on the polypropylene plate
were stained with both an anti--tubulin antibody and DAPI to
FIG. 1. Timing of cytochalasin B/calcium ionophore A23187 treatments, insemination and cleavages, and the rates of development in
each treatment (20°C). Cytochalasin B was added to oocytes from either 55–85 min after 1-MeAde treatment in order to obtain 0pb eggs
(A–C) or 85–115 min for 1pb eggs (D–F). Controls are present as 2pb (G–J). Activation with either A23187 treatment or insemination was
done at either 2.5 or 4.5 h after 1-MeAde treatment. Times at 50% cleavage rates (narrow rectangles, CL) were obtained by counting
approximately 300 eggs in each division cycle. The developmental rates [(%)SEM] are averages of experiments on eggs from 10 females. The
number of blastulae was scored (n  300) just before hatching (10–12 h after the first cleavage; cf. Obata and Nemoto, 1984). In most
batches, several percentages of eggs spontaneously failed to extrude PBs and developed when artificially activated with A23187 (cf.
Washitani-Nemoto et al., 1994; Saiki and Hamaguchi, 1998). For the treatment with A23187 alone (H) in the present study, the
developmental rate was obtained by counting only those eggs among the activated eggs that had two PBs, in order to determine the exact
relationship between PB extrusion and parthenogenetic development. The rates of blastulae formation by treatment with cytochalasin B
alone were lower than 0.1% (A and D). Stars, oblong black rectangles, arrows, and regular and inverted triangles indicate GVBD,
cytochalasin B treatments, A23187 treatments, and PB1 and PB2 extrusions, respectively.
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confirm and mark the position of the mitotic apparatuses or asters,
then postfixed with 1% OsO4 in 0.05 M sodium phosphate buffer
(pH 6.4). After dehydration in an ethanol series, the samples on the
plate were stained en bloc with uranyl nitrate and lead acetate,
embedded in Poly/Bed 812 (Polyscience Inc., Warrington, UK), then
serially sectioned at 0.1- to 0.15-m thickness on a Sorvall MT-2
ultramicrotome. To find the number of centrioles in each centro-
some, 10–20 sections were mounted serially on slot grids (with
0.42-mm slots) coated with colodion and carbon film, and exam-
ined in a Hitachi H-7100 electron microscope.
RESULTS
Washitani-Nemoto et al. (1994) successfully produced
parthenogenotes by suppressing the PB extrusion of matur-
ing oocytes that had been artificially activated just after
GVBD, and they investigated the meiotic and mitotic
figures, as well as the behavior and the number of chromo-
somes in the parthenogenotes, which were fixed with a
mixture of methanol and acetic acid and then stained with
FIG. 2. Meiotic figures in normal oocytes. Microtubules (green) and DNA (blue) are the same as in Figs. 3 and 4. (A–D) Meiosis I. After
GVBD (A), both the centrosomes already existing beneath the cell surface and the condensed chromosomes formed the meiosis I spindle.
(E–G) Meiosis II. Shortly after PB2 extrusion (H), an aster in the mature egg disappeared and a pronucleus formed. Numerals in the lower
right-hand corner of each frame are the time periods (min) after 1-MeAde treatment. The animal pole of the oocytes/eggs is facing the upper
edge of each frame, as in Figs. 3 and 4. Scale bar, 2 m.
FIG. 3. Meiotic and mitotic figures in 0pb eggs. In meiosis I, a diaster spindle formed normally (A and B), but in meiosis II, a tetrapolar spindle
formed to separate the chromosomes into four clusters (C and D). The karyomeres of the four clusters (E) came together once to form two clusters
(F), then fused to form a single pronucleus with two asters (G and H). The eggs were activated at 150 min after 1-MeAde treatment (approx. 30
min after pronucleus formation; Fig. 1B). In the first round of mitosis, the nucleus broke down (I), and a bipolar spindle formed to cleave the eggs
into two blastomeres (first cleavage, J and K). Scale bars in (H), 2 m, and (K), 5 m, apply to (A–G) and (I–J), respectively.
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aceto-orcein. To confirm their results and to obtain more
detailed information on the behavior of centrosomes, we
used probes specific for microtubules and centrosomes; that
is, anti--tubulin and anti--tubulin antibodies. In the
present study, the order of activation of oocytes and sup-
pression of PB extrusion was reversed (Fig. 1), because the
parthenogenotes by Washitani-Nemoto et al. (1994) were
produced by preactivation of oocytes, and postsuppression
of their PB extrusion, the parthenogenotes transferred un-
interrupted to the mitotic process after completing the
meiotic process. Because of this continuity, it is not easy to
analyze centrosomal behavior in detail during the transi-
tion from the meiotic to the mitotic process. Therefore, to
avoid parthenogenetically activated oocytes entering the
FIG. 4. Meiotic and mitotic figures in 1pb eggs. After the second round of meiotic separation of the chromosomes (A), two clusters of
karyomeres fused (B–D) to form a single pronucleus with a single aster (E). The eggs were activated at 150 min after 1-MeAde treatment
(approx. 30 min after pronucleus formation; Fig. 1E). In the first round of mitosis, the nucleus broke down and a single aster developed (F),
after which a monopolar (half) spindle formed (G–I). On the half spindle, the chromosomes separated into two clusters, but the karyomeres
derived from them fused to form a single nucleus (J) because cytokinesis did not occur. In mitosis II, a bipolar spindle formed after the
nucleus breakdown (K–L), and the eggs cleaved into two blastomeres (first cleavage, M). Scale bars in (J), 2 m, and (M), 5 m, apply to (A–I)
and (K–L), respectively.
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mitotic process, maturing oocytes first had PB extrusion
suppressed and then were allowed to complete the meiotic
processes until a pronucleus formed (Fig. 1). These eggs at
the pronucleus stage were activated to drive their mitotic
cycles.
Behavior of the Centrosomes in the Meiotic
Divisions of PB-Suppressed Oocytes
0pb eggs. When cytochalasin B was added during meio-
sis I, both PB1 and PB2 extrusions were suppressed (Figs.
1A–1C; cf. Washitani-Nemoto et al., 1994). In these oocytes
without any PBs (0pb eggs), two rounds of meiotic nuclear
division proceeded nearly in synchrony with those of the
control group, although there was a slight delay (5–10 min)
(cf. Figs. 2 and 3). In the first round of meiosis, a bipolar
spindle formed (Fig. 3A) and the chromosomes moved
toward each division pole and then separated into two
clusters (Fig. 3B). Because PB1 extrusion did not occur, all
the chromosomes and centrosomes remained within the
oocyte, and in the second round of meiosis (Fig. 3C), a
tetrapolar figure formed, consisting of two bipolar spindles,
both of which were slightly smaller than those in meiosis I,
as is seen in normal oocytes (Figs. 2B and 2F). The chromo-
somes separated into four clusters (Figs. 3D and 3E) and
then decondensed to form karyomeres, which, because of
the lack of PB extrusion, came together once into two
clusters (Figs. 3F and 3G) and then fused into a single
pronucleus (Fig. 3H). During these nuclear changes, the
number of centrosomes decreased from four to two (Figs.
3C–3H), so the nucleus was accompanied by two asters (Fig.
3H).
1pb eggs. To suppress PB2 extrusion alone, cytochala-
sin B was added to oocytes 15 min after PB1 extrusion (Figs.
1D–1F), and under these conditions, spindle formation and
chromosome separation took place synchronously with
those of 0pb eggs (Fig. 4; cf. Fig. 3). The chromosomes
moved toward each division pole, separated into two clus-
ters (Fig. 4A), and then decondensed to form karyomeres
(Fig. 4B), which came together into one cluster and then
fused into a single pronucleus (Figs. 4C–4E). During these
nuclear changes, the number of centrosomes decreased
from two to one (Figs. 4A–4E), so the pronucleus was
accompanied by a single aster (Figs. 4D and 4E).
Induction of Cleavage and the S-Phases by
Postactivation of PB-Suppressed Eggs
Immature oocytes arrested at prophase I had two spots
(centrosomes) stained by an anti--tubulin antibody (Fig.
5A). These centrosomes formed a meiosis I spindle. Beyond
metaphase of meiosis II, as well as in meiosis I, centro-
somes forming the division poles were no longer stained by
the anti--tubulin antibody (Figs. 5B and 5C). In normal
meiosis, the aster retained in the mature egg disappears
within 10 min after PB2 extrusion (Fig. 2H) and a spot
recognized by the antibody never appears (Fig. 5D). In
contrast to this, the centrosomes and asters, as well as the
pronucleus, were still observed in both 0pb and 1pb eggs
even 3 h after pronucleus formation (Figs. 6A and 6D). To
determine whether these centrosomes had the capacity to
reproduce, both types of eggs were artificially activated
with A23187 at 2.5 h after 1-MeAde treatment (approxi-
mately 30 min after pronucleus formation) in order to drive
the mitotic cycles. As shown in Figs. 1B and 1E, cleavage
was induced with high frequency and strong synchrony
among the eggs (cf. Figs. 1I and 1J), and the activated eggs
developed to bipinnaria. Cleavage was also induced by later
activation at 2.5 h following pronucleus formation (4.5 h
after 1-MeAde treatment) (Figs. 1C and 1F), which indicates
that the meiotic centrosomes preserved in the 0pb and 1pb
eggs were stable and had reproductive capacity. Control
eggs bearing two PBs, on the other hand, did not cleave,
even after activated (Fig. 1H). In those activated eggs, only
the recurrent appearance of a single monaster was observed
(Sluder et al., 1989; Tamura and Nemoto, 2001). The
monasters were never recognized by the anti--tubulin
antibody (Fig. 5E). Together with the above results, it is
strongly suggested that the centrosome inherited by the
mature egg is lost after completion of meiosis, which in
turn indicates that some facters other than the centrosome
can nucleate microtubules of the monasters in activated
eggs.
In the normal cell cycles of animal cells, reproduction of
the centrosomes is known to occur around G1/S-phase. As
described earlier, the centrosomes in PB-suppressed eggs did
not increase in number unless the eggs were activated,
suggesting that they were arrested at G1 until activated.
Detection of S-phases in those eggs by using BrdU
(Gratzner, 1982; Nomura et al., 1991) revealed that pronu-
clei of unactivated 0pb and 1pb eggs did not synthesize
DNA (data not shown), indicating that the eggs arrested at
interphase were resting in the G1-phase, as were the eggs
that completed meiosis normally (Tachibana et al., 1997;
Sadler and Rudermann, 1998; cf. Picard et al., 1996). When
those eggs were activated, the first S-phase was initiated
within 30 min after activation. Subsequent S-phases occur
in each division cycle (cf. Nomura and Nemoto, 1998).
Behavior of the Centrosomes in the Mitotic
Divisions of PB-Suppressed Eggs after
Artificial Activation
To further confirm the reproductive capacity of the
centrosomes retained in 0pb and 1pb eggs and to investigate
how they organize the mitotic division poles, the behavior
of the centrosomes after activation up to the first cleavage
was examined.
0pb eggs. Around 40 min after activation, the pro-
nucleus of the eggs broke down and the preserved two
centrosomes developed astral rays (Figs. 3I and 6B) to form
a bipolar spindle (Figs. 3J and 6C), followed by the first
cleavage (Fig. 3K). Although the first cleavage was delayed
by about 10 min compared with normally fertilized eggs,
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the subsequent cleavages took place at an interval similar
to that in fertilized eggs (Fig. 1).
Importantly, the number of centrosomes did not change
before or after the first S-phase (Figs. 6A and 6B), although
in the subsequent mitoses, the centrosomes doubled.
1pb eggs. Around 50 min after activation, the pro-
nucleus of the eggs broke down and the single aster (Figs. 4F
and 6E) formed a mitotic apparatus (Figs. 4G and 6F) that
was a monopolar spindle (half spindle) with chromosomes
at one end. The half spindle was perpendicular to the cell
surface with its single aster facing the cell surface. Having
only a single division pole, the eggs failed to cleave (Figs. 4H
and 4I). On the monopolar spindle, the chromosomes sepa-
rated once into two clusters of single chromosomes
(Washitani-Nemoto et al., 1994), but because there was less
separation, the karyomeres finally came together to form a
single nucleus (Fig. 4J). The reformed nucleus then broke
down about 15 min after its appearance (Fig. 4K) and a
diaster spindle formed. The first cleavage took place with a
delay of one cell cycle compared with 0pb eggs (Fig. 4M).
Here, too, as in the 0pb eggs, no increase in centrosomes
was observed even after the first S-phase. In the second (Fig.
6G) and subsequent mitoses, the centrosome doubled.
These results on the behavior of centrosomes in meiosis
and mitosis confirm the speculation by Washitani-Nemoto
et al. (1994).
FIG. 5. Behavior of centrosomes in meiosis of normal oocytes and in artificially activated eggs. In (A–C) and (E), -tubulin is on the left,
-tubulin is in the middle, and DNA is on the right. In (D), -tubulin is on the top and DNA on the bottom. (A, B, C, D, and E) are 0, 75,
85, 120, and 150 min after 1-MeAde treatment, respectively. (A) Immature oocyte. Two spots stained by an anti--tubulin antibody are
located in the loci of “premeiotic asters.” The oocyte in the upper frame of the middle two is the same as in the left and right frames, and
the oocyte in the middle lower is another example. Scale bar, 20 m. (B) Metaphase of meiosis II in an unfertilized egg. Both division poles
are stained by the anti--tubulin antibody. P; PB1. Scale bar indicates 2 m, and is also applied to (C). (C) Anaphase of meosis II. Both
division poles are not recognized by the anti--tubulin antibody. (D) After completion of meiosis. No spot stained by the anti--tubulin
antibody is observed near the female pronucleus (and in the any region of the egg). Scale bar, 2 m. (E) A monaster at the first appearance
in a calcium ionophore, A23187-activated oocyte. The A23187 treatment was done right after GVBD (25 min after 1-MeAde treatment). The
monaster does not have the region that is recognized by the anti--tubulin antibody, and chromosomes are located inside the monaster.
Scale bar, 20 m.
155Centrosome Inheritance in Starfish Oocytes
© 2002 Elsevier Science (USA). All rights reserved.
Behavior of the Centrioles during the Meiotic and
Mitotic Divisions of PB-Suppressed Eggs
As revealed in the cell cycle of somatic cells, each of the
paired centrioles duplicates once around the G1/S phase to
double the centrosomes. In both the 0pb and 1pb eggs, how-
ever, the centrosomes did not double in the first mitotic cycle,
despite the occurrence of the S-phase (described earlier). This
mysterious behavior of the maternal centrosomes certainly
results from their behavioral characteristics, as seen in the
normal meiosis of starfish oocytes (Sluder et al., 1989; Kato et
al., 1990) (see Fig. 13, 2pb eggs cont.) in which each centro-
some of the meiosis I spindle contains a pair of centrioles. One
centrosome, which is located just beneath the cell surface
(outer centrosome), is cast off into PB1, and the other centro-
some, located in the deeper cytoplasm (inner centrosome),
remains within the secondary oocyte. Because centriole du-
plication does not occur in meiosis II, the paired centrioles in
the inner centrosome kept within the secondary oocyte sepa-
rate into two singles to form a bipolar spindle; hence, each
centrosome of the meiosis II spindle poles has only one
FIG. 6. Behavior of the centrosomes of 0pb and 1pb eggs before and after activation (cf. Figs. 1C and 1F). () Stained with an anti--tubulin
antibody; () stained with an anti--tubulin antibody; (DNA) stained with DAPI. (A and D) 270 min after 1-MeAde treatment (just before
A23187 activation). (B and E) 40 min, (C and F) 80 min, and (G) 120 min after activation at 270 min after 1-MeAde treatment (approx. 150
min after pronucleus formation). Scale bar, 5 m.
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centriole (at this time, the paired centrioles in PB1 also
separate into singles). On PB2 extrusion, the outer centrosome
is cast off into PB2, and the resultant mature egg inherits the
inner centrosome with only one centriole, which lacks repro-
ductive capacity (Sluder et al., 1989; Washitani-Nemoto et al.,
1994). To follow up the behavior of the centrioles trapped in
both the 0pb and 1pb eggs up to the first cleavage, we isolated
the asters or mitotic apparatuses from 0pb and 1pb eggs at the
following six stages for transmission electron microscopy:
from the 0pb eggs, (1) a tetrapolar spindle in meiosis II (Figs.
3C and 7A), (2) two asters with a pronucleus at the resting
stage after completion of meiosis (Figs. 3H and 8A), and (3) a
bipolar spindle at the first mitosis (first cleavage; Figs. 3J and
9A); and from the 1pb eggs, (4) an aster with a pronucleus at
the resting stage after completion of meiosis (Figs. 4E and
10A), (5) a monopolar spindle in mitosis I (Figs. 4G and 11A),
and (6) a diaster spindle in mitosis II (first cleavage; Figs. 4L
and 12A).
0pb eggs. In the tetrapolar spindle formed in meiosis II,
each of the four centrosomes had only a single centriole
(Fig. 7), indicating that the two pairs of centrioles of meiosis
I separated into singles, as in normal meiosis II. At this
stage, therefore, the eggs retained four centrosomes with a
single centriole each. At the pronucleus stage after meiosis,
the centrosomes had reduced to two (Fig. 8; cf. Fig. 6), and
each of them contained only one single centriole, indicating
that two of the four centrosomes/centrioles had been lost.
In the first mitosis, each of the two centrosomes forming
the bipolar spindle had paired centrioles with an orthogonal
configuration (Fig. 9).
1pb eggs. Because the second meiotic process proceeded
normally under cytochalasin-B treatment, the two centro-
somes with a single centriole were each preserved within
the treated oocyte. After meiosis II, only one centrosome
was found in addition to the nucleus (Fig. 10; cf. Fig. 6). In
the centrosome, only one centriole was present, indicating
that one of the two centrosomes/centrioles in meiosis II had
disappeared. In the first mitosis (Fig. 11), the centrosome
forming a monopolar spindle retained a pair of centrioles
with an orthogonal configuration. In the second mitosis
(first cleavage), each of both the centrosomes forming a
diaster spindle had paired centrioles (Fig. 12).
The behavior of the centrioles in the 0pb and 1pb eggs is
summarized in Fig. 13. In meiosis II, the 0pb and 1pb eggs
retain four and two centrosomes, respectively, each of
which contains a single centriole. After meiosis II, only half
of them are preserved and the remaining half are lost; each
of the two centrosomes preserved in the 0pb eggs and the
one centrosome in the 1pb eggs contains only one centriole
each. When the first S-phase occurs in mitosis I, each of the
surviving single centrioles duplicates to form paired cent-
rioles, with no doubling of the centrosomes. However, they
double in each round of the subsequent mitoses.
DISCUSSION
Since first proposed by Boveri (1887), it has been believed
that in most animals the maternal centrosome is either lost
or quiescent in the mature egg in order for there to be
FIG. 7. Centrioles in a tetrapolar spindle isolated from an unactivated 0pb egg in meiosis II. (A) Tetrapolar spindle observed under low
magnification. Scale bar, 5 m. (B–E) A centriole in each of the four poles. Numerals in the lower left corner of each frame indicate the
number of serial sections, as in Figs. 8–12. Scale bar in (E), 0.5 m.
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uniparental (paternal) inheritance of centrosomes in the
zygote, and, indeed, in starfish, the centrosome inherited by
the mature egg (egg centriole) lacks the capacity to repro-
duce (Sluder et al., 1989; Washitani-Nemoto et al., 1994;
Saiki and Hamaguchi, 1998; Tamura and Nemoto, 2001;
Fig. 1H in the present study). To examine the process of the
FIG. 8. Centrioles in two asters with a pronucleus isolated from an unactivated 0pb egg after completion of meiosis. (A) The two asters
and the pronucleus observed under low magnification. Scale bar, 5 m. (B) A single centriole in the upper aster in (A), and (C) a single
centriole in the left aster. Scale bar in (C), 0.5 m.
FIG. 9. Centrioles in a bipolar spindle isolated from an activated 0pb egg at mitosis I. (A) The spindle observed under low magnification. Scale
bar, 5 m. (B and C) Paired centrioles in the upper pole in (A), and (D and E) paired centrioles in the lower pole. Scale bar in (E), 0.5 m.
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loss of maternal centrosomes in starfish eggs, Sluder et al.
(1989) kept all the maternal centrosomes in the cytoplasm
of a fertilized egg by preventing PB extrusion either by
slight flattening of it at meiosis I or by micromanipulating
it off a meiosis I spindle from its cortical location. They
observed that, in the flattened eggs, all maternal centro-
somes lost their reproductive capacity and only the paternal
centrosome retained its reproductive capacity, and in the
micromanipulated eggs, only the paternal centrosome sur-
vived and reproduced. Their observations suggest that ma-
ternal centrosomes are equivalent and that they lost the
reproductive capacity by the onset of the first cleavage. To
confirm this, Sluder et al. (1993) transplanted meiotic
spindles into fertilized eggs, and they found that the rate of
doubling centrosomes is much lower in the centrosomes of
meiosis II than in those of meiosis I, indicating a progres-
sive suppression of maternal centrosomes during meiosis.
Our present study, however, has clearly proved that, of
the maternal centrosomes/centrioles, half can escape their
destiny to decay after meiosis, the others disappear, and the
surviving centrioles have the capacity to duplicate and
function as the cell-division poles for mitosis. These results
demonstrate nonequivalence among the maternal centri-
oles with respect to intrinsic stability and reproductive
capacity. They also demonstrate that the lack of reproduc-
tive capacity in the egg centriole is not merely because it is
single: all the maternal centriole pairs split into singles, but
only half of them can reproduce. Mazia et al. (1960) revealed
in a famous experiment using sea urchin zygotes that
separation of the paired centrioles into singles can be
artificially induced by -mercaptoethanol treatment. Each
of the separated single centrioles still retains the capacity to
duplicate and form paired centrioles to organize into a
monopolar spindle after the first round of duplication,
followed by a formation of a bipolar spindle in the next
mitosis, just as was seen in the present 1pb eggs.
In the PB-suppressed oocytes, all four centrioles in meio-
sis I were still able to function as the mitotic division poles
throughout the meiotic process, but half of them disap-
peared after the completion of meiosis. There is no inter-
phase in meiosis of oocytes, and a pronucleus is allowed to
form only after meiosis is completed, arrested at G1 (Tachi-
bana et al., 1997; Sadler and Ruderman, 1998; cf. Picard et
al., 1996). These cytoplasmic changes that cause the inter-
phase arrest may be related to the suppression of some
maternal centrosomes/centrioles. The present results indi-
cate that the reproductive capacity and stability of the
maternal centrioles are inseparable. Reproductive centri-
oles isolated from either lymphocytes (Picard et al., 1987) or
spermatozoa (Yamada et al., 1990) are not suppressed when
transplanted into mature eggs.
As shown in the PB-suppressed oocytes, maternal centri-
oles are not equivalent. Only two of the four maternal
centrioles are reproductive in meiosis I. Exclusive occupa-
tion of these reproductive centrioles by either the outer or
the inner centrosome cannot explain the indispensability of
PB suppression for the high frequency induction of parthe-
nogenesis. Each centrosome at meiosis I, therefore, must
FIG. 10. Centrioles in a single aster with a pronucleus isolated from an unactivated 1pb egg after completion of meiosis. (A) The aster and
the pronucleus observed under low magnification. Scale bar, 5 m. The single aster is located at the upper right of the nucleus. (B) A single
centriole in the aster. Scale bar, 0.5 m.
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FIG. 11. Centrioles in a monopolar spindle (half spindle) isolated from an activated 1pb egg at mitosis I. (A) The spindle observed under
low magnification. Scale bar, 5 m. An aster is located at the upper edge, and a spindle at the lower edge of the figure. Chromosomes are
present at the lower end of the spindle. (B and C) Paired centrioles in the pole. Scale bar in (C), 0.5 m, applies to (B) and (C). (D) Spindle
fibers are present between the chromosomes and the pole (left side of the chromosomes). Note that short spindle fibers are elongating from
the chromosomes in the opposite direction to the pole (cf. Figs. 4G–4I and 11A). Scale bar, 1 m.
FIG. 12. Centrioles in a bipolar spindle isolated from an activated 1pb egg at mitosis II. (A) The spindle observed under low magnification. Scale
bar, 5 m. (B and C) Paired centrioles in the upper pole in (A), and (D and E) paired centrioles in the lower pole. Scale bar in (E), 0.5 m.
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consist of one reproductive and one nonreproductive cent-
riole. Consequently, in meiosis II, each centrosome has
only one centriole: one has reproductive capacity and the
other does not. The reproductive centriole should locate
itself at the outer pole of a meiosis II spindle to be cast off
into a PB2, leaving a nonreproductive centriole in the
mature egg.
Why don’t the nonreproductive centrioles acquire the
reproductive capacity in meiosis? And how do the repro-
ductive centrioles selectively position themselves beneath
the cell surface during meiosis? To understand the behavior
of the centrioles characteristic in meiosis, study of the
centrosome/centriole cycle in somatic cells (Vorobjev and
Chentsov, 1982; Lange and Gull, 1996; Sterns, 2001) may
provide some suggestions. At the beginning of the cell cycle
(G1), the cell possesses one pair of centrioles: one is a
mother centriole, which has been generated at least two cell
cycles prior, whereas the other is a daughter centriole,
generated in the previous cycle. As the cell progresses to the
G1-phase, the mother and daughter centrioles start to de-
tach from each other. At the G1/S transition, the daughter
centriole becomes a mother centriole, and both mother
centrioles nucleate a procentriole, which then elongates to
a full-length centriole usually by the end of the G2-phase.
The two pairs of centrioles form mitotic poles and are
inherited by daughter cells. During the S and G2-phases, the
two mother centrioles differ from each other in their
properties: the older one is termed a mature mother cent-
riole, which is defined structurally by its possession of
pericentriolar material, satellites, and appendages and func-
tionally by its ability to nucleate microtubules and to
attach itself to the plasma membrane. The younger one is
called an immature mother centriole, and it becomes a
mature mother during the M-phase.
If the centriole cycle in somatic cells is applied to the
meiosis of starfish oocytes, the following model may be
proposed (Fig. 14). Immature oocytes at the GV stage are at
the early prophase of meiosis I, so centrosome reproduction
has been completed (Otto and Schroeder, 1984; Picard et al.,
1988; Miyazaki et al., 2000; Fig. 5A in the present study).
Each of the “premeiotic centrosomes” must have paired
centrioles because each pole of the meiosis I spindle has a
pair of centrioles (Sluder et al., 1989; Kato et al., 1990). One
centrosome must be composed of a mature mother and a
FIG. 13. Schemata of the behavior of centrioles in 0pb and 1pb eggs. (0pb) Each pair of centrioles in the meiosis I spindle separates into
singles in meiosis II and forms a tetrapolar spindle. At the pronucleus stage, only two of the four single centrioles are present with the
nucleus; the other two centrioles have disappeared. In the first mitosis, the surviving two centrioles duplicate in the first S-phase to form
two pairs of centrioles that organize into a bipolar spindle. (1pb). Because of the suppression of PB2 extrusion, two single centrioles of
meiosis II are retained within the oocyte. At the pronucleus stage, only one of them is present with the pronucleus; the other centriole has
disappeared. (2pb, cont.) The mature egg inherits a single centriole and, although its fate is not clear at present, the results strongly suggest
that in normal meiosis the centriole inherited by the mature egg is lost just after completion of meiosis. In this figure, the behavior of both
the centrioles within PB1 and the chromosomes is abbreviated.
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daughter, and the other of an immature mother and a
daughter. When the meiotic spindle at the first meiotic
prometaphase orientates itself from parallel to perpendicu-
lar to the cell surface, one of the pairs of centrioles,
consisting of a mature mother and a daughter centriole, is
placed beneath the cell surface to be cast off into PB1. By
the end of meiosis I, the immature mother in the inner
centrosome has completed its maturation into a mature
mother, while the daughter centriole remains a daughter, so
the paired centrioles retained in the secondary oocyte must
be a mature mother and a daughter centriole. When the
meiosis II spindle is formed, the mature mother centriole is
positioned beneath the cell surface and the daughter cent-
riole is located in the deeper cytoplasm. Eventually, the
mature mother centriole is cast off into PB2 and the mature
egg inherits a daughter centriole that lacks the capacity to
duplicate, which is lost shortly after the completion of
meiosis.
How do the mature mother centrioles selectively locate
themselves beneath the cell surface to be cast into PBs in
oocyte meiosis? As seen in Figs. 6 and 8 of the paper by Kato
et al. (1990), the outer centriole of the meiosis II spindle, as
well as one of the centrioles in the outer centrosome
forming the meiosis I spindle, are closely attached to the
cell surface by their distal ends, which suggests that they
must have some device for anchoring themselves to the cell
surface. When a centriole becomes a basal body, the append-
ages that mature mother centrioles possess are known to
connect the centriole with the plasma membrane. Studies
in algae have identified one distal appendage protein, p210,
consistent with a role in attachment to the plasma mem-
branes (Lechtreck et al., 1999). Although there is not any
information at present on the characteristics that would
identify reproductive and nonreproductive centrioles of
starfish oocytes, some specific markers for the mature
mothers, such as cenexin (Lange and Gull, 1995) and
Cep110 (Guasch et al., 2000; Mack et al., 2000), may be
strong clues.
Why don’t the nonreproductive centrioles acquire repro-
ductive capacity during meiotic cell cycles? Hinchcliffe et
al. (1998) have proposed a concept of “licensing” of the
centrosome for reproduction, which occurs in the S-phase
via either the posttranslational modifications of key cen-
trosomal components or the assembly of essential precursor
structures for the next round of centrosome reproduction. A
similar mechanism may, if present, be arrested in the
meiosis of starfish oocytes because of the lack of the
S-phase in meiosis II. In addition, the long arrest at prophase
I during oocyte growth may modify the daughter centrioles
in some way that in turn suppresses the transition to a
mother centriole. Further studies on cell cycle-regulating
factors, such as cyclin-dependent kinase 2 (Cdk2)-cyclin E
(Hinchcliffe et al., 1999; Lacey et al., 1999; Matsumoto et
al., 1999) or Cdk2-cyclin A for some cultured cells (Meraldi
et al., 1999), may also help to answer these questions about
FIG. 14. A model for the behavior of maternal centrioles in the normal meiosis of starfish oocytes. Immature oocytes arrested at prophase
I have two pairs of centrioles located beneath the cell surface of the presumptive animal pole: one pair consists of a reproductive (mature
mother) centriole and a nonreproductive (daughter) centriole, and the other pair consists of a reproductive (immature mother) and a
nonreproductive (daughter) one. After GVBD, these centrioles form a meiosis I spindle. When the spindle is orientated perpendicular to the
cell surface, the pair with mature mother is placed beneath the cell surface and the other pair is located in the deeper cytoplasm. The outer
pair is cast off into PB1 and the inner pair is inherited by the secondary oocyte. Hence the PB1 contains a reproductive (mature mother) and
a nonreproductive (daughter) centriole, and the secondary oocyte inherits a reproductive (immature mother) and a nonreproductive
(daughter) centriole. In meiosis II, the pair of centrioles within the secondary oocyte splits into two singles and forms a meiosis II spindle.
When the spindle is perpendicular to the cell surface, the reproductive (mother) centriole is beneath the cell surface, and the other is in the
deeper cytoplasm. By this time, the reproductive (mother) centriole may have developed some anchoring devices (the transition from
immature mother to mature mother), but daughter-to-mother (the nonreproductive-to-reproductive centriole) transition may be arrested in
meiosis. Hence, the reproductive (mature mother) centriole is inherited by the PB2, and the nonreproductive (daughter) by the mature egg.
The egg centriole decays shortly after completion of meiosis.
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centriole maturation and the lack of centriole duplication
in meiosis II, as well as regulation of the S-phase.
In spermatogenesis, each of the four spermatozoa derived
from one spermatocyte has paired centrioles, indicating
that centrioles duplicate in each of the two rounds of
meiotic divisions, as shown in sea urchin spermatogenesis
(Kato and Ishikawa, 1982). Remarkable differences in sper-
matogenesis are the lack of the long arrest at prophase I and
the presence of the interphase between the two meiotic
divisions, during which chromosome decondensation,
nucleus formation, and temporal flagellum formation take
place, suggesting the presence of a G1-phase. The failure of
a daughter-to-mother transition in oocyte meiosis may
result from the lack of an apparent G1-phase. Some factor
indispensable for the daughter-to-mother transition may be
endowed from the mother to the daughter centrioles prior
to their disorientation at the early stage of the G1 phase.
This in turn might predict that, in the somatic cells at G1
stage, some factors responsible for centriole replication are
passed on from the mother centriole to the daughter.
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